Introduction inhibitory activity (Beg and Baldwin, 1993) . Interaction of IB-␣ with an NF-B dimer prevents the nuclear upSignal transduction pathways are complex networks of take of the DNA-binding subunits through the masking biochemical reactions that ultimately culminate in speof nuclear localization signals (Beg et al., 1992 ; Zabel cific patterns of nuclear gene expression mediated by et al., 1993) . Uncomplexed IB-␣ can enter the nucleus transcription factors (TFs). Preexisting TFs that are inand may dissociate DNA-bound NF-B-DNA comvolved in immediate-early cellular responses can be plexes. Phosphorylation of IB-␣ by various kinases has posttranslationally activated by a variety of mechabeen shown to dissociate NF-B-IB-␣ complexes in nisms. A frequent strategy is the induction of DNA bindvitro (Ghosh and Baltimore, 1990 ). The situation is rather ing activity that may involve the dimerization of subunits. different in vivo where phosphorylation of IB-␣ on serFor instance, binding of steroid hormones or tyrosine ine residues 32 and 36 does not lead to dissociation of phosphorylation with subsequent SH2 domain interacthe NF-B-IB-␣ complex but targets IB-␣ for rapid tion can promote DNA binding via dimerization of subdegradation by the proteasome (Brockman et al., 1995; units . A large number of TFs translocate from the cyto- Brown et al., 1995; Traenckner et al., 1995) . plasm to the nucleus as part of their activation process.
Tyrosine phosphorylation of proteins by protein tyroOther TFs are already bound to DNA but require some sine kinases (PTKs) is a primary and important step in covalent modification to unleash their transactivating the initiation of various mitogenic signaling cascades potential. (Ullrich and Schlessinger, 1990; Cantley et al., 1991 court, 1994) , which leads to activation of the c-fos and c-jun proto-oncogenes via phosphorylation of preexisting DNA-bound factors in their transactivation domain Hill and Treisman, 1995) . Moreover, PTKs have recently been shown to directly activate a new family of TFs, the STAT factors (Darnell et al., 1994) . A direct role of tyrosine phosphorylation in NF-B activation is not well documented. Two reports have shown that c-rel and IB proteins become tyrosine phosphorylated upon neutrophil activation and hypoxia, respectively, but the significance of the modifications remained unknown (Druker et al., 1994; Koong et al., 1994) . One report showed that v-src overexpression in T cells caused NF-B activation (Eicher et al., 1994) while another study showed that v-abl overexpression blocked NF-B activity in pre-B cells (Klug et al., 1994) .
In a previous study, we have shown that a protein tyrosine phosphatase (PTP) inhibitor, pervanadate, stimulates protein tyrosine phosphorylation and downstream events of the T-cell activation process including induction of NF-B DNA-binding activity (Imbert et al., 1994) . We demonstrate here that there is a direct connection between PTK stimulation and NF-B activation through tyrosine phosphorylation of IB-␣. In contrast to other activators of NF-B, tyrosine phosphorylation of IB-␣ does not lead to degradation of the protein.
Tyrosine phosphorylation of IB-␣ induces dissociation from NF-B and precedes the appearance of a DNA binding activity on B sites in the nucleus. Lck-deficient mutants of Jurkat had a defect in both tyrosine phosphorylation of IB-␣ and NF-B activation. Reoxygenation of hypoxic cells was shown to induce tyrosine phosphorylation of IB-␣. Tyrosine phosphorylation of IB-␣ thus represents a new mechanism of NF-B activation that has the potential to directly couple NF-B to surface receptor-associated tyrosine kinases.
Results
Pervanadate Activates the DNA Binding Activity of NF-B We have previously reported that pervanadate is a po- Figure  2B , lanes 1 and 2) or with the IB-␣-specific antibody (lane 3) resulted in the abrogation of NF-B/DNA complexes, whereas control IgG (lane 1) or an irrelevant (lanes 3 and 4) followed by Western blot analysis with the ␣P-Tyr mAb. A 10 min stimulation of Jurkat cells influenza hemagglutinin-specific antibody had no effect (lane 4). The specificity of the pervanadate-induced prowith pervanadate induced tyrosine phosphorylation of IB-␣ ( Figure 2B , lane 4). The immunoaffinity-purified tein-DNA complex was further confirmed by the demonstration that an excess (100-fold) of unlabeled B oligotyrosine phosphorylated form of IB-␣ migrated at the same position as the 39 kDa protein detected by Westnucleotide ( Figure 1B, Figure 2D , compare lanes 4 and 7 to lane 2). Genistein (100 M) was less effective the medium blocked the calcium influx stimulated by pervanadate (Imbert et al., 1994) , it had no effect on and only partially prevented tyrosine phosphorylation of IB-␣ by 200 M pervanadate (lane 3). When pervanapervanadate-induced NF-B activation ( Figure 1C , compare lanes 2 and 3). The effect of pervanadate thus date was used at a suboptimal (50 M) concentration, genistein completely blocked the appearance of the 39 appeared to be independent of PKC-and calciumdependent signals.
kDa IB-␣ variant (lane 6). By contrast, the PKC inhibitor H7 did not prevent IB-␣ tyrosine phosphorylation in Preincubation of Jurkat cells with 100 M of the PTK inhibitor genistein strongly reduced activation of NF-B response to 200 M pervanadate (compare lanes 10 and 9). by pervanadate ( Figure 1D , compare lanes 2 and 3). Genistein also affected the induction of NF-B by PMA (compare lanes 4 and 5). Staurosporine in the nanomolar Protein Tyrosine Phosphatase Treatment range has been described as a powerful PTK inhibitor, Converts the 39 kDa Variant of IB-␣ while higher concentrations will inhibit PKC in addition into the 37 kDa Variant (Secrist et al., 1990) . As shown in Figure 1D , 50 nM To verify that the mobility shift of IB-␣ in response to staurosporine completely blocked NF-B induction by pervanadate was entirely due to tyrosine phosphorylapervanadate (compare lanes 7 and 8) but had no effect tion, we treated the cell lysates with recombinant PTP1C on PMA induction (lane 10). These pharmacological data fused to glutathione-S-transferase (GST) and coupled suggest that activation of one or several PTKs is a critical to agarose. To ensure that exogenously added pervanaevent in the activation of NF-B by pervanadate.
date would not block GST-PTP1C, we removed the excess pervanadate by extensive washing of the cells after stimulation, expecting that the intracellular pervanadate Pervanadate Induces Phosphorylation of IB-␣ on Tyrosine is depleted through reaction. Moreover, vanadate was omitted from the lysis buffer. The 39 kDa variant of IB-␣ We did not detect tyrosine phosphorylation of p50 or p65. However, analysis of ␣P-Tyr immunoprecipitates in pervanadate-stimulated Jurkat cells ( Figure 2E , lane 2) was still observed in vanadate-free lysis buffer (lane by Western blotting with a polyclonal serum directed against human IB-␣ suggested that pervanadate stimu-6). Incubation in the presence of GST-PTP1C did not affect the migration of the 37 kDa IB-␣ from normal lated tyrosine phosphorylation of IB-␣ within 10 min ( Cell lysates were made in the presence (lanes 1-3 and 11) or absence (lanes 4-10) of vanadate and left untreated (lanes 1, 2, 4, 6, 8, and 9) or treated (lanes 3, 5, 7, 10, and 11) with PTP1C-agarose for 1 hr at 30ЊC. A Western blotting analysis with anti-IB-␣ antiserum (lanes 1-7) or anti-phosphotyrosine mAb (lanes 8-11) was performed.
Pervanadate-Induced Tyrosine Phosphorylation
phosphorylated IB-␣. This half life is very similar to the one measured for unmodified IB-␣ from unstimulated Does Not Trigger Degradation of IB-␣ At various times after stimulation, whole cell lysates cells (data not shown) demonstrating that tyrosine phosphorylation did not affect the half-life of IB-␣. were analyzed by Western blotting with anti-IB-␣ serum. After 30 min of pervanadate stimulation, all detectWhen cells were stimulated with a combination of a calcium ionophore and PMA, no shift in the migration able IB-␣ protein was in the tyrosine phosphorylated 39 kDa form (Figure 3A, upper panel) . No variation in of IB-␣ was detected ( Figure 3A , lower panel), but a rapid degradation of the molecule occurred that was the amount of 39 kDa IB-␣ was detected for up to 150 min. Newly synthetized IB-␣, which started to appear enhanced by pretreatment with cycloheximide. In this case, the half life of IB-␣ decreased to ‫52ف‬ min (Figure after ‫06ف‬ min, was immediately converted into the tyrosine phosphorylated form. Next, Jurkat cells were prein-3B). Thus, in contrast to serine phosphorylation, tyrosine phosphorylation does not target IB-␣ for rapid degracubated with cycloheximide to prevent new IB-␣ synthesis. Under these conditions, some degradation of 39 dation. However, when cells were stimulated with pervanadate 15 min before or at the same time as the kDa IB-␣ could be observed. After quantitation of IB-␣ levels by scanning the autoradiograms ( Figure 3B ), a combination of A23187 ϩ PMA, a sharp decrease in the amount of tyrosine-phosphorylated IB-␣ was observed half-life of 120-140 min was determined for tyrosine and no IB-␣ protein was detected 2 hr after stimulation in protein-DNA complexes, immunodepletion experiments were performed. Total cell extracts were incu-( Figure 3C ). These results show that tyrosine phosphorybated with anti-p65 or anti-IB-␣ antibodies preablation of IB-␣ does not protect the molecule from degrasorbed to protein A-sepharose, and supernatants were dation and support that pervanadate did not influence analyzed for the presence of NF-B-DNA binding activity the proteolytic pathway responsible for IB-␣ degraby EMSA. As shown in Figure 4B , incubation with antidation. sine phosphorylation of some but not all cellular proteins induced by pervanadate was affected in JCaM1 cells ( Figure 5B , lanes 5-8) when compared to Jurkat cells tyrosine 289 (⌬289), 248 (⌬248), or 181 (⌬181) were replaced by STOP codons ( Figure 6A ). The different con- (lanes 1-4) . Pervanadate also failed to activate NF-B-DNA binding activity in JCaM1, even after 60 min of structs were then transiently transfected in COS cells. Tyrosine phosphorylation of wild-type IB-␣ was only stimulation ( Figure 5C , lanes 6-9; compare to parental Jurkat, lanes 1-4). However, a PMA/ionophore stimulainduced by pervanadate when an expression vector for the tyrosine kinase lck was cotransfected ( Figure 6B , tion could activate NF-B in JCaM1 cells (lane 10) as in normal cells (lane 5), demonstrating that JCaM1 cells lanes 3 and 4 compared to lanes 1 and 2). Tyrosine phosphorylation of the ⌬181 mutant could also only be did not have a general defect in NF-B activation. The T cell-specific tyrosine kinase p56 lck thus appears esobserved in the presence of lck ( Figure 6B , lanes 7 and 8 compared to lanes 5 and 6). Identical results were sential for pervanadate-induced NF-B activation by IB-␣ tyrosine phosphorylation.
obtained with ⌬289 and ⌬248 mutants (data not shown). This demonstrates the importance of lck in the control of IB-␣ tyrosine phosphorylation in response to pervanThe Tyrosine Phosphorylation Site in IB-␣ To identify the tyrosine residue responsible for the moadate and points at tyrosine 42 as the potential phosphorylation site. Tyrosine 42 was then mutated to phebility shift of IB-␣ in response to pervanadate, C-terminal deletions were constructed in which the codons for nylalanine both in full-length IB-␣ and in the truncated mutant ⌬181. Mutation of tyrosine 42 entirely blocked sine kinase required the presence of its ligand, insulin ( Figure 7C , compare lane 8 to lane 6). Insulin was rethe appearance of the tyrosine phosphorylation-depencently reported to activate NF-B. Together, the results dent migration shift on both full-length IB-␣ ( Figure 6B , suggest that NF-B activity can be reversibly regulated lanes 13 and 14) and the truncated protein ⌬181 (lanes by tyrosine phosphorylation/dephosphorylationof IB-␣. 11 and 12). Mutations of serines 32 and 36 to alanines did not affect the generation of the slower migrating Reoxygenation Is a Physiological Effector form of IB-␣ in response to pervanadate (lanes 15 and of IB-␣ Tyrosine Phosphorylation 16). Altogether, these results strongly suggest that IB-␣ A recent report by Koong et al. (1994) suggested that is phosphorylated on tyrosine 42 after pervanadate hypoxia induces tyrosine phosphorylation of IB-␣. As treatment of intact cells.
shown in Figure 8A (lane 5) hypoxia did not induce the appearance of a tyrosine phosphorylated 39 kDa IB-␣ Cell-Free Phosphorylation/ variant. However, as reported recently (Rupec and Dephosphorylation Experiments Traenckner et al., 1995) . Phosphorylation Miyamoto et al., 1994;  Jurkat cells (lanes 2, 4, 6, and 8) were incubated alone (lanes 1 and Palombella et al., 1994; Alkalay et al., 1995; Brown et 2) or with rIB-␣ (lanes 3-8) in the presence of nonactivated (lanes al., 1995; DiDonato et al., 1995; Lin et al., 1995; Traenck-5 and 6) or insulin-activated insulin receptor (lanes 7 and 8).
ner et al., 1995) Mutation of serines 32 and 36 to alanine residues prevents inducible phosphorylation and degradation of IB-␣. Moreover, mutated IB-␣ can act as a dimerization, binding to DNA, or the transactivation podominant negative mutant to attenuate B-dependent tential. Phosphorylation is an important regulator of NFtransactivation (Brown et al., 1995; Traenckner et al. , B activation at different levels. Both, the p50 and p65 1995). subunits of NF-B are phosphorylated (Naumann and Scheidereit, 1994) . Although the sites and kinases have not been identified, phosphorylation appears to play Regulation of NF-B Activation by Tyrosine Phosphorylation a role in increasing the affinity of NF-B for its target sequences (Naumann and Scheidereit, 1994) . cAMPInhibition of tyrosine phosphatases by pervanadate in Jurkat cells leads to a rapid increase in tyrosine phosdependent phosphorylation events were reported to down-modulate NF-B activity in T cells (Serfling et al., phorylation of cellular proteins followed by triggering of the T cell activation cascade (Secrist et al., 1993; Imbert 1989) . Most importantly, phosphorylation regulates activity of the inhibitor IB-␣, which sequesters NF-B et al., 1994) . One of the events induced is a potent activation of NF-B that appears to be entirely mediated in the cytosol. Several studies reported that IB-␣ is constitutively phosphorylated ; Kerr by de novo phosphorylation of IB-␣ on tyrosine. This is evident from the absence of significant tyrosine phosit a potential phosphorylation site for tyrosine kinases. Amino acids at ϩ1 and ϩ3 create a potential binding phate from the DNA binding subunits of NF-B and the stoichiometric modification of IB-␣. The latter is sugsite for the SH2 domain of the p85 subunit of PI3 kinase (Haskill et al., 1991; Songyang et al., 1993) . gested by a stimulus-dependent complete conversion of IB-␣ into the phosphoform (39 kDa) and its complete reversion into the dephospho form (37 kDa) upon PTP Which Tyrosine Kinase Activates NF-B treatment. At present, we cannot completely rule out upon Pervanadate Stimulation? that the tyrosine phosphorylation of IB-␣ was accomPervanadate is a powerful inducer of tyrosine phosphorpanied by some serine or threonine phosphorylation, ylation in many cell types. In Jurkat cells, pervanadate but these could not have accounted for the change in triggers several signaling pathways through lck, fyn, IB-␣ mobility, suggesting that they were substoichiozap-70 (Imbert et al., 1996) , and Jak-2 (V. I. and J.-F. P., metric. The tyrosine phosphorylation of IB-␣ was an unpublished data). We could so far not identify which early event and closely coincided with the activation of PTK catalyzed tyrosine phosphorylation of IB-␣. Inter-NF-B.
estingly, tyrosine phosphorylation of IB-␣ and NF-B activation were both impaired in Lck-deficient Jurkat How May Tyrosine Phosphorylation variants, suggesting that IB-␣ could be phosphorylated Release IB-␣?
by Lck or by an Lck-activated PTK that remains to be In contrast to serine phosphorylation, tyrosine phosidentified. Reconstitution experiments in COS cells also phorylation of IB-␣ did not lead to degradation of the demonstrate the requirement for lck for induction of molecule. The normal turnover of IB-␣ of 2 hr was not IB-␣ tyrosine phosphorylation. detectably modified by tyrosine phosphorylation while Expression of a constitutive PTK, v-src, in T-cells has it was decreased to 25 min by serine phosphorylation.
been reported to induce a constitutive activation of NFMoreover, inhibition of proteasome proteolytic activity B in the nucleus (Eicher et al., 1994) . In addition, v-src did not affect NF-B induction by pervanadate (data expression could transactivate the HIV LTR in a Bnot shown). In vitro phosphorylation/dephosphorylation dependent manner, suggesting that increase in tyroexperiments strongly suggested that tyrosine phosphorsine phosphorylation could influence NF-B activation. ylation directly interfered with the interaction between However, since these cells also displayed constitutive IB-␣ and NF-B. IB-␣ contains eight potential tyrosine NFAT activation, it was not clear whether these events phosphorylation sites (Haskill et al., 1991) that are highly were directely regulated by tyrosine phosphorylation or conserved among species (de Martin et al., 1995) . Mutawhether they represented downstream events of a tyrotional analysis hinted at phosphorylation of IB-␣ on Tyr sine phosphorylation-induced cascade (Eicher et al., 42. Tyrosine 42 is located in the N-terminal regulatory 1994). region in close proximity to serines 32 and 36, which regulate degradation of IB-␣. Tyrosine-phosphorylated Reoxygenation Induces Tyrosine peptides can be specifically recognized by SH2 doPhosphorylation of IB-␣ mains, which are structural motifs found in numerous NF-B has been reported to respond to changes in the cytoplasmic signaling proteins (Pawson, 1995) . Phoscellular redox status and to be activated by prooxidant phorylated tyrosine 42 in IB-␣ may bind an SH2 doconditions (reviewed in Baeuerle and Henkel, 1994) . One main-containing protein. It may be this interaction that study has suggested that IB-␣ can undergo tyrosine ultimately removes the inhibitor from an equilibrium phosphorylation during hypoxia (Koong et al., 1994) . binding with NF-B. This attractive possibility is curWhile we were unable to detect NF-B activation upon rently under investigation. The presence of acidic residues from Ϫ1 to Ϫ3 to tyrosine 42 (DEEYEQM) makes hypoxia we have observed an induction of IB-␣ tyrosine (Rupec and Baeuerle, 1995) . The discrepancy with gation were collected.
the results of Koong et al. (1994) (Schieven et al., 1993; Schieven et al., 1994; and our min at 25ЊC. unpublished observations). It remains to be understood why most of the stimuli that have been reported to acti-
Mutant Construction and Transfection
vate NF-B through an ROI-dependent mechanism apThe IB-␣ cDNA plasmid (Zabel et al., 1993) may participate in the transforming activity of oncogenic mutant has been previously described (Traenckner et al., 1995) . Lck PTKs by inducing a constitutive activation of the genes cDNA in pEFBOS vector was a kind gift of Dr. A. Carrera.
controlled by NF-B.
COS-7 cells were seeded at 25% confluency on 6-well plates 24 hr before transfection. After washing with phosphate-buffered Experimental Procedures saline, transfection was carried out in Dulbecco's modified Eagle's medium (DMEM) 10% Nu-serum (CBP, Bedford, MA) supplemented Antibodies and Reagents with 200 g DEAE-dextran (Pharmacia), 100 M chloroquine, and Antibodies used in this study are: anti-IB-␣ rabbit polyclonal, anti-1.5 g of each vector for 4.5 hr. Dimethyl sulfoxide 10% was then p50 rabbit polyclonal, anti-p65 rabbit polyclonal (Santa Cruz Bioadded for 2 min. Cells were then washed twice in phosphate-buftechnology, Santa Cruz, CA), anti-phosphotyrosine 4G10 (UBI, Lake fered saline and incubated in DMEM 10% fetal calf serum for 48 hr Placid, NY). A polyclonal affinity-purified antibody to human IB-␣ before harvest and further analysis. was prepared and used as described (Henkel et al., 1993) . The polyclonal anti-p65 serum and the anti-HA antibody were kindly Reoxygenation Experiments given by J. Imbert and Profs. Klenck and Garten, respectively. ParThese experiments were performed as described (Rupec and tially purified Lck and recombinant glutathione-S-transferase (GST) : DMEM medium with the bicarbonate buffer refused PTP1-C were from Upstate Biotechnology, Inc. (Lake Placid, placed by 25 mM HEPES (pH 7.2) was placed in a chamber and NY). Pervanadate was prepared by mixing vanadate in incubation equilibrated overnight with nitrogen. The hypoxic medium was buffer (30 mM HEPES [pH 7.5], 150 mM NaCl, 4 mM KCl, 0.8 mM added to the cells that were immediately placed into the chamber, MgSO 4 , 1.8 mM CaCl 2 , 10 mM glucose) with 1 mM H 2 O 2 for 15 min which was subsequently flushed with nitrogen at 2 bars for 5 min. at 22ЊC. Catalase (200 g/ml) was then added to remove residual No significant increase in the oxygen pressure in the cell culture H 2O2. The concentration of pervanadate generated is denoted by medium was measured with this regimen. For reoxygenation, the the vanadate concentration added to the mixture. lid of the chamber was simply removed. Control experiments at normal oxygen pressure were identically performed but in the Cell Culture opened chamber. Cells of the human leukemic T cell line Jurkat were maintained in RPMI 1640 medium containing 50 U/ml penicillin, 50 g/ml streptomycin, 1 mM sodium pyruvate, 2 mM glutamine, and 5% fetal calf
